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a b s t r a c t
Seawater injection is commonly applied for reservoir pressure maintenance even though it may cause
scaling. The admixture of injected seawater to reservoir aquifers triggers a series of complex hydro-
geochemical water–rock–gas interactions leading to scale formation within the aquifer and also at the
location of the production wells. Basically, the fraction of seawater in the produced water depends on the
prevailing hydraulic ﬂow conditions, and determines the type and amount of minerals precipitated or
dissolved.
To quantify such processes with temporal and spatial resolution, we developed a one-dimensional
hydrogeochemical transport model that relies on chemical equilibrium thermodynamics and that
additionally considers temporal and spatial aspects in contrast to a batch modeling approach. Our test
site is the Miller oilﬁeld, UK North Sea, where hydrogeochemical interactions achieve near-equilibrium
conditions within a reaction time span of less than 2 years.
Our modeling results for the Miller ﬁeld test site show a fairly good accordance between (1) the
modeled and measured temporal compositional development of produced water as well as between
(2) the observed and modeled composition of the scale mineral assemblage formed in the production well.
This validates that our one-dimensional hydrogeochemical transport model is capable of reproducing the
simultaneously occurring and coupled hydraulic (ﬂuid ﬂow) and hydrogeochemical processes (water–
rock–gas interactions). Besides identiﬁcation and quantitative prediction of mineral dissolution and
precipitation, the transport model allows us to determine where such processes occur within the reservoir
and/or at the location of the wells. In the Miller ﬁeld test site, primary calcite and microcrystalline quartz
dissolve close to the injection well, which could enhance the secondary porosity locally within the
reservoir aquifer. In contrast, massive formation of scale minerals (strontium bearing barite is greatly
favored over calcite and microcrystalline quartz) occurs close to or in the production well. Moreover,
speciﬁc scale minerals (mainly strontium bearing barite in the test site) precipitate along the ﬂow path of
formation water–seawater mixtures. Additionally, the modeling results demonstrate that batch modeling
and calculation of mineral saturation indices based on one original seawater analysis and one formation
water analysis are incapable of predicting which scale minerals actually form.
& 2013 The Authors. Published by Elsevier B.V.
1. Introduction and aim
Seawater injection is one of the most common oil recovery
methods being applied in offshore reservoirs. However, the chemical
incompatibility of injected seawater and formation water may result
in massive scale mineral formation. Mixing these both water types
may drive the formation of different scale minerals with correspond-
ing different amounts at different seawater fractions (e.g., in the
Miller ﬁeld; Fu et al., 2012). Formation of strontium-bearing barite
(SrxBa(1x)SO4, Sr-bearing barite) triggered by the injection of sulfate-
rich seawater into reservoirs generally predominates other scale
minerals owing to its extremely low solubility and often occurs close
to or in wellbores (Sorbie and Mackay, 2000). In contrast, Sorbie and
Mackay (2000) suggested that “the local quantity of BaSO4 that
would deposit would be insigniﬁcant and it would be not accumulate
locally” along the ﬂow path of formation water–seawater mixtures.
Forecasting production-interfering scaling is high on the
agenda for the successful reservoir engineering of offshore oil-
ﬁelds, but “not as straight forward as one might imagine” because
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of the complexity of such systems (Kan and Tomson, 2012). Thus,
approaches for predicting scale formation must integrate all
interconnected hydrogeochemical processes, and should not iso-
late arbitrarily chosen reactions from complex systems. The
modeling results of the batch model for the Miller ﬁeld developed
by Fu et al. (2012) show that (1) ﬂuid–rock interactions rapidly
achieve near-equilibrium conditions within less than 2 years
under reservoir conditions, and that (2) different mixing factors
controlled by the hydraulic ﬂow conditions within the aquifer
result in varying mineral assemblage compositions. However,
temporal and spatial aspects are essential for a successful reservoir
engineering and ﬁnally an efﬁcient and sustainable oil production.
Still today, reservoir engineering lacks successful tools to qualita-
tively and quantitatively access mineral phase equilibration (by
dissolution and/or precipitation) in time and in space (Fu et al.,
2013). In general, zero-dimensional batch models are incapable of
reproducing the continuous repetition of mineral deposition and
dissolution resulting from ongoing water ﬂow.
The shortcomings of the batch model from Fu et al. (2012)
necessitate an extension to a one-dimensional hydrogeochemical
transport (1DHT) model considering temporal and spatial aspects.
The aim of this work is to build such a 1DHT model in order to
quantitatively retrace hydrogeochemical processes in combination
with their corresponding mass conversions, as well as to deter-
mine where they occur in the reservoir. Our working tool is the
PHREEQC computer code that is applied for calculating homo-
genous and heterogeneous mass-action equations in combination
with one-dimensional advection–dispersion reaction transport
(Parkhurst and Appelo, 1999). The Miller oilﬁeld fulﬁlls the
requirements of a test site to validate our model approach, and
which are as follows: (1) it is an oilﬁeld undergoing water
injection, and (2) the accessible measured data are of high quality
and represent the temporal development of the hydrogeochemical
processes driven by water injection.
2. Hydrogeochemical modeling approaches
Commercial modeling software for the prediction of scale
formation (e.g., DownHole SAT™ provided by French Creek
Software (2012)) is unable to achieve the demands of correctly
evaluating scaling processes as consequence of complex water–gas–
rock interactions. The restricted applicability of these approaches
consists in the misinterpretation of calculated states of thermo-
dynamical disequilibrium of potential scale minerals (in others
words: calculated saturation indices). Positive saturation indices
(SI40) simply indicate supersaturation, but ﬁnally do not allow us
to predict which minerals actually form. In contrast, alternative
approaches (Yuan and Todd, 1991; Yuan et al., 1994; Bethke, 2008;
ScaleSoftPitzer™ (Version13.0, Rice University Brine Chemistry
Consortium), 2009) are used to calculate a new state of equilibrium
in formation water–seawater mixtures exclusively under considera-
tion of the formation of pure sulfate scale or other speciﬁed scale
minerals. Moreover, these approaches suppress the potential for-
mation of other minerals, and ignore mineral dissolution as well as
resulting effects on scale formation. Calculation of saturation indices
or the establishment of equilibrium conditions of selected minerals
using one formation water analysis at varying seawater fractions is
thus a non-suitable, isolated approach to resolve the hydrogeo-
chemical dynamics of a chemical reactive reservoir aquifer, and to
ﬁnally conclude on the precipitation of complex mineral assem-
blages (Fu et al., 2013). For instance, a formation water–seawater
mixture is supersaturated with regard to barite and anhydrite by
calculating the initial saturation indices (SI40 for these two
minerals) on the basis of the original chemical composition of
seawater and formation water. Barite precipitation at equilibrium
conditions will reduce the aqueous sulfate concentration with a one
to one molar ratio. The resultant change in the chemical composi-
tion of the aqueous solution leads to an anhydrite undersaturation,
although the initial SI calculation indicates a supersaturation with
regard to anhydrite. Consequently, anhydrite precipitation is impos-
sible as a result of barite precipitation under these conditions.
Puntervold and Austad (2008) investigated the impact of seawater
injection on scale formation in the North Sea Chalk Formation by
using a batch model (OLI Systems Stream Analyzer 1.3). They
modeled the equilibration among formation water–seawater mix-
tures for various ratios, primary calcite, and potential secondary
minerals (dolomite, barite, celestite, and anhydrite). Their modeling
results show (1) that “precipitation of CaSO4 will take place in the
reservoir at temperatures 4100 1C” and (2) that “due to some
degree of mixing with FW [formation water], precipitation of BaSO4
and SrSO4 will also take place in the reservoir”.
Water–rock–gas interactions are driven by seawater injection for
the following reasons: (1) the injected seawater may be under-
saturated with respect to primary reservoir minerals under reservoir
conditions; and (2) mixing of seawater and formation water leads to
new chemical disequilibria and consequently to the precipitation of
secondary minerals. These interactions alter the original chemical
composition of the injected seawater along its ﬂow path to the
production well. Water mixtures produced from production wells
consist of both end-members pure formation water and seawater,
respectively. As the chemical composition of such mixtures develops
temporally and spatially, predictions of the type and of the intensity
of scaling have to consider the both abovementioned processes (1, 2).
For instance, in-situ sulfate stripping in reservoir aquifers where
seawater injection was applied can cause a lower sulfate concentra-
tion in the production well, and consequently affects the barite scale
formation in production wells (Mackay et al., 2006). Thus, the batch
model provided by Fu et al. (2012) is a generic one without a function
to exactly predict the type and the intensity of scaling in the
production well. Additionally, hydrogeochemical processes develop-
ing in time and space remained unconsidered in this batch model.
Formationwater ﬂow, depending on various geohydraulic parameters
(e.g., injection pressure and production rates), determines where and
when a speciﬁc mixing ratio of altered seawater and formation water
occurs in the reservoir aquifer and wells. Bedrikovetsky et al. (2009)
developed an analytical model for comingled injection of barium
containing produced water and seawater treated by sulfate reduction
without consideration of primary mineral dissolution and precipita-
tion of potential secondary minerals others than barite. Their model-
ing results reveal that barite precipitation affecting injectivity occurs
in a zone around the injector with a radius 10–20 times higher than
the well radius. Sorbie and Mackay (2000) presented 1D and 2D
frontal oil displacement models that simulate the displacement of oil
by injected seawater and mixing of injected seawater, formation
water and oil leg connate water. Their modeling results demonstrate
that intense mixing of injected water and formation water occurs
mostly close to or in production wells. Nevertheless, their model
bypasses any hydrogeochemical calculations of species distribution
that are based on chemical equilibrium thermodynamics. Mackay
et al. (2012) presented their scaling-relevant modeling results by
plotting (1) saturation ratios of barite and celestite versus seawater
fraction, (2) saturation ratios versus time and water production rate,
and (3) concentrations of barium, strontium, and sulfate versus
seawater fraction. This contribution of Mackay et al. (2012) is lacking
any presented quantitative modeling results in terms of the spatial
and temporal evolution of in-aquifer scaling, aquifer rock alteration,
and wellbore scaling, as well.
In the light of the pros and cons of the aforementioned models
(the hydrogeochemical batch model and the frontal oil displace-
ment model), we developed a 1DHT model. Our model focuses on
the hydrogeochemical processes coupled with geohydraulic ﬂow
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processes that are triggered by seawater injection in reservoir
aquifers. Thereby, we aim to quantitatively calculate (1) in which
amount minerals are precipitated (scale minerals) or dissolved,
and (2) where (within the aquifer and/or wells) and when the
corresponding mineral conversions take place.
3. Methods
3.1. The test site: Miller oilﬁeld, UK North Sea
The applicability and the plausibility of the 1DHT model
developed in this study are tested by using data from the seawater
injection project in the Miller ﬁeld. The Miller ﬁeld is located in
the deep marine setting of the South Viking Graben, Central North
Sea (McClure and Brown, 1992; Haszeldine et al., 2006). The
reservoir sandstone of the Miller ﬁeld has an average porosity of
ca. 14% (Marchand et al., 2002). The mineralogical composition of
the sandstone is dominated by quartz and additionally comprises
K-feldspar, detrital clay minerals, pyrite, calcite and traces of rock
fragments (Marchand et al., 2002; Houston, 2007; Lu et al., 2011).
The Miller ﬁeld is characterized by a high CO2 content which
contributes 28 mol% to the gas released from the oil (Baines and
Worden, 2004). Seawater injection began in 1995 (Houston et al.,
2007), and probably created the “arguably harshest oilﬁeld scaling
regime in the North Sea” according to Wylde et al. (2006). The
authors stated that barite dominates the scale mineral assemblage
that may additionally contain celestite and calcite. During ca. 10
years, roughly 1.91011 L of formation water–seawater mixtures
were produced from all wells with a typical rate of 3105 L/day
(Houston et al., 2007). A wealth of compositional data of water
produced from the Miller ﬁeld (Houston et al., 2007) enabled us to
conclude on intensive ﬂuid–rock interactions (Fu et al., 2012).
3.2. Modeling concept
Fig. 1 schematically illustrates a generic geohydraulic ﬂow ﬁeld
triggered by seawater injection and by water production. A 1DHT
model consisting of a geohydraulic and a hydrogeochemical model
part is coupled to this simpliﬁed ﬂow ﬁeld in order to semi-
generically reproduce the simultaneously occurring and coupled
hydraulic (ﬂuid ﬂow) and hydrogeochemical processes (water-
rock-gas interactions). Our modeling tool is the PHREEQC program
code in combination with its thermodynamic database Wateq4f.
dat (Parkhurst and Appelo, 1999). PHREEQC is written in the C
programming language. It applies the advection–reaction–disper-
sion equation for transport calculations and provides an efﬁcient
method for numerically simulating the movement of solutions
through 1D ﬂow path (Parkhurst and Appelo, 1999). Information
about PHREEQC (e.g., the governing equations, their solver, etc.) is
completely documented in the PHREEQC's manual (for details see
Parkhurst and Appelo (1999)). PHREEQC calculates the chemical
equilibrium distribution of species (chemical composition of the
aqueous solution, amount of minerals dissolved and/or precipi-
tated, and amount of gases dissolved and/or outgassing) that is
coupled with an advective/dispersive solute mass transport.
Several assumptions are made owing to the lack of the data
(e.g., hydraulic heads). The tested 1DHT model is therefore of
semi-generic nature for the Miller ﬁeld. The hydrogeochemical
model part is based on chemical equilibrium thermodynamics;
kinetic aspects are ignored in this study. A 1D stream tube
representing the Miller ﬁeld aquifer is simpliﬁed and thus char-
acterized by a homogeneous distribution of geohydraulic and
hydrogeochemical properties.
3.2.1. Geohydraulic model part
A ﬂow ﬁeld can be divided into 1D multiple stream tubes. In
reality, produced water is a mixture of water ﬂowing through
multiple stream tubes each with different ﬂow path lengths and
travel times (Fig. 1). To predict scale formation in oilﬁelds under-
going water injection, the 1D stream tubes which end in the
production wells are of high relevance and the other tubes could
be ignored. This is because intense mixing of injected water and
formation water occurs mostly close to or in the production wells,
which was suggested by modeling results presented by Sorbie and
Fig. 1. Schematic of the two-dimensional migration of the mixing front between injected seawater and formation water triggered by seawater injection at three different
time steps (a–c) and schematic of the simpliﬁed ﬂow ﬁeld represented by the 1D stream tube (d).
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Mackay (2000). The original formation water ﬁlls each stream tube
before seawater injection. The composition of the injected seawater
ﬂowing through the reservoir aquifer results from hydrogeochem-
ical reactions of the injected seawater with the reservoir rock
minerals, and will deviate from the original seawater composition.
A complex mass transport interplay among these stream tubes that
results from transversal dispersion can additionally alter the che-
mical composition of the erstwhile seawater along its ﬂow path,
and subsequently inﬂuences the amount of scale minerals precipi-
tated in the production wells. In the course of production and
concurrent injection, the formation water ﬁlling the stream tubes is
displaced stepwise by the erstwhile seawater from the area near the
injection well towards the production well (Fig. 1). Longitudinal
dispersion leads to the mixing of the both water types at the front,
which is located between the erstwhile seawater and the original
formation water, and the water mixtures migrate through the
reservoir aquifer. Conceptually, the production well acts as one
additional spatial compartment located behind the end of all 1D
stream tubes. At any time, water leaving the last cell of all 1D
stream tubes is mixed into the production well. Hydraulic oilﬁeld
data are of great importance and determine the mixing ratios of
water from all the stream tubes, such as the temporal development
of production and injection rates, spatial conﬁguration of produc-
tion and injection wells, in other words, the number of production
and injection wells, their positions and the distance between them,
etc. If all such data are available, a 2D or 3D ﬂow model can be set
up and provide ﬂow information about each stream tube and about
the temporal development of the mixing ratio of water leaving each
stream tube. The velocity of water in each stream tube and the
stream tube's length, which are provided by a ﬂow model, are
variable input parameters for the 1DHT model by changing corre-
sponding parameters (e.g., cell number and length, time step,
modeling time period; for detailed data see the Supplementary
data) for case-speciﬁc oilﬁelds.
The reproduction of the hydraulic conditions in the Miller ﬁeld test
site is prevented due to lacking hydraulic ﬁeld data (e.g., injection and
production rates). Thus, the ﬂow ﬁeld of the test site is simpliﬁed in
our 1DHT geohydraulic model part which is composed of only one
stream tube that integrates and represents all stream tubes starting at
the injection well and ending at the production well (Fig. 1). At any
time after seawater injection, a ﬂow ﬁeld characterized by only one
injection and one production well can be roughly divided into two
parts that both are ﬁlled by formation water and by erstwhile
seawater, respectively. The mixing ratio of water from both parts of
the ﬂow ﬁeld varies with increasing duration of injection and
production. The fraction of seawater in the produced water is speciﬁed
by calibration: various mixing ratios are applied and adapted to
reproduce the temporal development of the measured chloride
concentration in the produced water, as the chloride concentration
of the produced water characterizes the seawater fraction (Houston
et al., 2007; Fu et al., 2012). Consequently, our 1DHTmodel is therefore
of semi-generic nature for the Miller ﬁeld test site. One typical
production well in the Miller ﬁeld is located ca. 2.5 km away from
an injection well (Houston et al., 2007). This distance is considered as
the mean ﬂow path length. The temporal development of chloride
concentrations measured in the Miller ﬁeld produced water indicates
that the injected seawater arrived at the productionwell after 611 days
(Fig. 1 in Houston et al. (2007)). As a result, the calculated mean
apparent ﬂow velocity of formation water–seawater mixtures is
4.1 m day1 within our 1DHT model. These steady-state ﬂow condi-
tions are assumed to prevail for 1833 days, because the chloride
concentration of the produced water was almost daily measured
during this production time. The effects of temporal and spatial
discretization of our 1DHT model on the calculated results are not
tested in our study. Reasonable discretization can be chosen as
application of the 1D model for case-speciﬁc reservoirs.
A strong variation of the longitudinal dispersivities observed in
the investigations identiﬁes the dependence of the longitudinal
dispersivity on the ﬂow path length (e.g., Kinzelbach and Rausch,
1995, and references therein). For a cell length of 100 m, the
observed dispersivity varies in the range of ca. 1–100 m. Long-
itudinal dispersion is integrated into our advective transport
model considering a pre-assigned dispersivity of 10 m per each
cell. The effects of diffusion are insigniﬁcant and thus neglected in
our study because of the high mean ﬂow velocity (ca.
4.1 m day1). The online Supplementary data provide the detailed
description of the geohydraulic model part, the voluminous
PHREEQC input ﬁle of scenario RM (in parts) and the calibrated
mixing factors.
3.2.2. Hydrogeochemical model part
The hydrogeochemical model part of the 1DHT model deﬁnes
(1) the mineralogical composition of each cell, (2) the chemical
composition of the pore water ﬁlling these cells at starting
conditions, (3) the chemical composition of the water injected,
and (4) the gas phase, if it exists in the reservoir. Changing such
parameters of the 1DHT model or their homogenous distribution
to a heterogeneous distribution adapted to a case speciﬁc reservoir
offers wider applications of the 1DHT model, e.g., to test conse-
quence of water injection into other oil reservoirs.
In the Miller ﬁeld test site, a basic assumption of the hydro-
geochemical model part is a homogenous distribution of the
hydrogeochemical properties in the 1D model stream tube
(including the chemical composition of the pore water and the
mineralogical composition of each cell). Each cell represents 1 L of
pore volume and a total volume of 7.1 L (porosity: 14%). A pre-
assigned primary mineral assemblage ﬁlls the remaining 6.1 L
reactor volume (Table 1). Primary quartz is considered to be
non-reactive and is thus excluded from the primary mineral
assemblage in the model, although it dominates in the reservoir.
The reservoir sandstone contains trace amounts of pyrite, rock
fragments and K-feldspar. Modeling results provided by Fu et al.
(2012) show that the reactive K-feldspar was completely dissolved
within the reservoir aquifer. Furthermore, no reactants that can
oxidize pyrite exist in the mineral assemblage or in the injected
seawater. Thus, such minerals are excluded from this study. The
modeling results from Fu et al. (2012) indicate that the formation
water–seawater mixtures from the Miller ﬁeld equilibrate with a
SiO2 solid phase, which is easier soluble than the “microcrystalline
Table 1
Pre-assigned reactive primary mineral assemblage, potential secondary minerals
and amount of minerals in each modeling reactor at starting conditions.
Amount
(wt%) (mol)
Primary phase
Chalcedony 0.01 0.03
Kaolinite 1.5 1.1
Calcite 2.1 3.97
Quartza 89 280
Secondary phase
Dolomite 0 0
Strontianite 0 0
Witherite 0 0
Barite 0 0
Celestite 0 0
Sr-bearing barite 0 0
Gypsum 0 0
Anhydrite 0 0
a Quartz is considered as non-reactive mineral and excluded from the reactive
mineral assemblage.
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quartz” (grain size of 0.02 mm) described by Azaroual et al. (1997).
The chalcedony deﬁned in the PHREEQC's Wateq4f.dat database is
characterized by a higher solubility at 120 1C. Chalcedony is chosen
as the primary reactive SiO2(s) phase. Mixing of both the chemi-
cally incompatible injected seawater and formation water is driven
by dispersion in the reservoir aquifer and/or occurs in the
production well. This mixing process leads to a new equilibrium
state of the species distribution among solid phases(s), aqueous
species(aq) and gas(g) in each cell. As a result, secondary mineral
phases can form when their saturation is achieved (Tables 1 and 2).
On the other hand, the injected seawater is undersaturated with
regard to several primary (rock-) mineral phases under reservoir
conditions. This triggers the dissolution of such minerals and
concurrently alters the chemical composition of the seawater along
its ﬂow path. The primary and secondary mineral phases and the
corresponding solubility constants are documented in the Wateq4f.
dat database (Parkhurst and Appelo, 1999).
The results of the batch model presented by Fu et al. (2012)
indicate that formation water–seawater mixtures, minerals and
CO2(g) reach (near-) equilibrium conditions at a reservoir tempera-
ture of 120 1C that is applied to all modeling scenarios presented
here. Slightly lower calcium equilibrium concentrations (lower
than the measured data before seawater breakthrough) at a pCO2(g)
of ca. 30 bar (suggested by Fu et al. (2012)) require a higher pCO2(g)
of 40 bar that is used in all our modeling scenarios. Cation exchange
is excluded in the modeling due to a low clay content in the Miller
ﬁeld's aquifer rock (Lu et al., 2011).
Our modeling is based on two basic assumptions: (1) the chemical
composition of the original formation water and the injected seawater
remains constant; and (2) neither precipitation nor dissolution of
chloride-bearing minerals takes place. The formation water (sample
no. 5 in Lu et al., 2011; modiﬁed by Fu et al. (2012)) equilibrates with
the primary mineral assemblage and the pre-assigned pCO2(g) in order
to simulate the original chemical composition of the formation water
at starting conditions (before the inﬂow of injected seawater into the
ﬁrst cell). The seawater composition that we applied in our previous
work (Fu et al., 2012; and the online Supplementary data) represents
the injected seawater of our model, because the information about the
actual chemical composition of the injected seawater is lacking.
Furthermore, we discussed the effect of elevated total pressure on
solubility constants of minerals and on equilibrium (association/
dissociation) constants of aqueous species under conditions prevailing
in theMiller ﬁeld (Fu et al., 2012). Accordingly, we neglect the pressure
effect on equilibrium constants of all reactions involved in this study.
3.3. Modeling scenarios
Our 1DHT model integrates the hydrogeochemical processes
that occur in the Miller ﬁeld and that have been unraveled by
Fu et al. (2012) except for formation of calcium sulfate as potential
secondary phase. Consequently, the present 1DHT model consid-
ers gypsum or anhydrite as the potential secondary calcium sulfate
mineral in two different scenarios, in order to identify which
calcium sulfate mineral reaches (near-) equilibrium conditions in
the Miller ﬁeld. Additionally, our 1DHT model is of semi-generic
nature because data about some reservoir parameters (e.g., pCO2(g))
are lacking. Consequently, we perform various alternative modeling
scenarios with varying parameters to cover a broad range of
possible reservoir conditions. The following parameters and pro-
cesses are tested in our model and summarized in Table 2:
(1) different mineral assemblages (anhydrite substitutes gypsum),
(2) sampling effects (e.g., CO2(g) outgassing), and (3) Pitzer para-
meters for calculating activity coefﬁcients. In addition, one model-
ing scenario exclusively considers dilution of formation water by
seawater, and ignores any further heterogeneous reactions among
aqueous solution and minerals (non-reactive mixing, NRM). This
additional scenario is required for comparison with the other
scenarios by considering reactive mixing. It shall basically highlight
which hydrogeochemical processes affect the chemical composition
of the produced water and the mass conversions of primary and
secondary minerals.
4. Modeling results and discussion of modeling results
The modeling results of scenarios NRM and RM are described
and discussed in detail, while the results of the alternative
scenarios are brieﬂy discussed, but presented to greater detail in
the online Supplementary data.
4.1. Modeling results
Figs. 2 and 3 illustrate the comparison of the modeled (NRM and
RM) compositional development of the produced water with the
measured data. In addition, Fig. 3 presents the modeled mineral
conversion in the reservoir aquifer and in the production well from
scenario RM. For a direct comparison with the measured data, the
concentrations of all parameters calculated by PHREEQC in molal
units are re-converted to mol L1 by factors (for details see the
Supplementary data). Within scenario NRM, the heterogeneous
chemical equilibria among aqueous formation water–seawater mix-
tures, mineral phases and the gas phase are suppressed to exclusively
evaluate the effects of dilution on the original formationwater by the
sulfate-bearing seawater. The modeled development of concentra-
tions (chloride, sodium, barium, sulfate, calcium, dissolved silica) well
matches the data measured in the Miller ﬁeld test site except for the
magnesium concentrations (ctotMg2þ; Figs. 2 and 3). The temporal
development of measured and calculated (calibrated) chloride ion
Table 2
Modeling scenarios.
Model type Data base Mineral assemblage pCO2(g) Modeling results
Figure
NRM RM W P Si-mineral Carbonates Sulfates Drop
Ch Ka Cc Do St Wi Ba Ce Sr-Ba Gy An
NRM x x Figs. 2 and 3
RM x x x x x x x x x x x x Figs. 2–5
RM_An x x x x x x x x x x x x Figs. A.1–A.3
RM_Dr x x x x x x x x x x x x x Figs. A.4–A.6
RM_Pi x x x x x x x x x x x x Figs. A.7–A.9
NRM: non reactive mixing (hydrogeochemical interactions are unconsidered); RM: reactive mixing (hydrogeochemical interactions are considered); W: Wateq4f database
(Parkhurst and Appelo, 1999); Pi: Pitzer database developed by Bozau (2013); Ch: Chalcedony; Ka: kaolinite; Cc: calcite; Do: dolomite; St: strontianite; Wi: witherite;
Ba: barite; Ce: celestite; Sr-Ba: Sr–bearing Barite; Gy: gypsum; An: anhydrite; Dr: considering a pCO2 drop of 60 bar occurring in the production well; x: present as mineral
phase or process included in modeling scenario.
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concentrations (ctotCl) demonstrates that the injected seawater
reached the production well after ca. 611 days (Fig. 2). A similar
tendency is reﬂected by the modeled total sodium concentrations
(ctotNaþ; Fig. 2). Sodium-bearing minerals are excluded from the
mineral assemblage. All aqueous solutions are undersaturated with
respect to dolomite. Hence, no difference of modeled ctotNaþ and
ctotMg2þ occurs between scenarios NRM and RM. A constant pCO2(g)
of 40 bar and coupled ﬂuid–rock interactions that are considered in
scenario RM result in an almost constant pH (Fig. 2).
Sr-bearing barite formation causes a negative deviation of the
calculated sulfate and barium concentrations (ctotsulfate and
ctotBa2þ , respectively) in the produced water in scenario RM
compared to scenario NRM (Fig. 2). Differences in modeled ctotBa2þ
of the produced water in the two RM and NRM scenarios
(ca. 2 mmol L1; Fig. 2) are in the same order as for the differences
in ctotsulfate at the same modeling time step. This indicates that Sr-
bearing barite is the exclusive sulfate phase that is newly formed in
the Miller ﬁeld. This conclusion is supported by additional modeling
results: (1) all modeled formation water–seawater mixtures are
undersaturated with regard to gypsum in this modeling scenario;
and (2) the calculated ctotCa2þ and ctotsulfate at equilibrium with
anhydrite mismatch the measured data if anhydrite is generically
allowed to precipitate (for anhydrite see Figs. A.1–A.3 from scenario
RM_An in the Supplementary data). Fig. 4 clearly reveals that
ctotsulfate temporally and spatially vary within the reservoir. Con-
sequently, injected water, which is admixed with formation water
in the production well, displays a different chemical composition
compared to its original composition. In the production well,
massive Sr-bearing barite formation starts after seawater break-
through and reaches a maximum after 1833 days (105 mmol per
total produced water volume of 75 L; Fig. 3). The strontium
proportion in the barite scale increases up to 7.2 mol% during
production (Ba0.928Sr0.072SO4; Fig. 3). Within the aquifer, Sr-
bearing barite is dispersed with trace amounts due to dispersion
(partly presented in Figs. 3 and 4).
In contrast, dissolution of calcite and chalcedony causes a positive
deviation of the calculated concentrations of calcium and dissolved
silica between scenarios RM and NRM (Figs. 2, 3, and 5), because the
injected seawater is undersaturated with regard to calcite and
chalcedony under reservoir conditions (at elevated levels of pCO2
(g)). In contrast, the conversion of silica-bearing kaolinite is low (less
than 106 mol per cell after 1833 days in all scenarios). Calcite
scaling intensity is weaker than for Sr-bearing barite; at maximum
37mmoles calcite per 75 L of the produced water (Figs. 3 and 5).
Fig. 2. Measured and modeled concentrations of chloride, sodium, barium, sulfate and calcium as well as pH value in the produced water versus production time for
scenarios reactive mixing (MOD RM) and non-reactive mixing (MOD NRM). Measured data: taken from Houston (2007).
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4.2. Discussion of modeling results
Seawater injection into the aquifer of the Miller ﬁeld triggers
a series of hydrogeochemical processes, speciﬁcally Sr-bearing
barite formation.
Sr-bearing barite predominantly deposits in the production well,
whereas a minor amount is distributed along the ﬂow path through
the reservoir aquifer. Such minor mass conversion of Sr-bearing
barite within the aquifer is consistent with the statement by Sorbie
and Mackay (2000) that barite deposition has an insigniﬁcant local
quantity within reservoirs. The calculated mass conversions of
mineral phases clearly show that Sr-bearing barite formation is
preferred against other scale minerals (calcite and chalcedony) in
the production well. This modeled scale mineral assemblage in the
production well matches the observations provided by Wylde et al.
(2006). In total, 27.9 g scale minerals (comprising 86.6 wt%
Sr-bearing barite, 13.3 wt% calcite and 0.1 wt% chalcedony from
scenario RM) precipitate in or close to the production well during
1833 days, when 75 L of water have been produced. In total,
1.91011 L of formation water–seawater mixtures were pumped
from all production wells in the Miller ﬁeld during 10 years
(Houston et al., 2007). It can be linearly extrapolated that
7.11010 g of scale minerals characterized by the abovementioned
composition form in and close to the production well in the aquifer.
As the density of Sr-bearing barite equals the density of pure barite
and as chalcedony has a similar density as quartz (calcite: 2.711,
chalcedony: 2.648 and barite: 4.5 kg L1; Dean, 1999), a volume of
17,100 m3 scale minerals could form (Fig. 6). Assuming (1) a 4.2 km
long production borehole (0.2 m in diameter on average) and (2) a
0.04 m thick scale ring forming inside of the well casing, ca. 84.4 m3
scale minerals form in this production well. In contrast, the amount
of scale minerals forming within the aquifer predominates com-
pared to the amount of scale minerals precipitated in the produc-
tion well (Fig. 6). Under the further assumptions: (1) that there is
one production well, (2) that scale formation is unaffected by
kinetic inhibition, (3) that the remaining scale volume (ca.
17,016 m3) is distributed in the aquifer close to the production well,
(4) that the reservoir sandstone exhibits a porosity of 14%, and
(5) that scale ﬁlls the half of the pore space, a total volume of
243,080 m3 reservoir sandstone is ﬁlled by scale minerals (Fig. 6).
Several alternative scenarios were calculated to test the effects
of the SiO2(s) type, cation exchange and various dispersivities (no
details are presented here). The ﬁrst scenario considers a less
soluble microcrystalline quartz (investigated by Azaroual et al.
Fig. 3. Measured and modeled concentrations of magnesium and dissolved silica in the produced water from scenarios RM and NRM as well as modeled mineral conversions
in the production well and/or within the reservoir aquifer per 75 L of produced water from scenario RM versus production time. Measured data: taken from Houston (2007);
MOD RM: scenario RM; MOD NRM: scenario NRM; (PW): in the production well; (aquifer): within the reservoir aquifer.
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(1997)) compared to chalcedony. The results of the ﬁrst scenario
show that the type of SiO2(s) exclusively and only slightly affects
the ctotSiO2(aq) and the SiO2(s) mineral conversion. Similarly, cation
exchange shows a limited effect on the modeling results due to a
low clay content in the Miller reservoir (Lu et al., 2011). Addition-
ally, testing various dispersivities reveals only minor differences in
the compositional development of the produced water and in the
mineral conversion as well.
All modeling scenarios are calculated without any consideration of
artiﬁcial effects on the chemical composition of the produced water
during sampling or analysis. Artiﬁcial effects (e.g., temperature or
pressure changes) induce a sequential change in scale precipitation in
oilﬁeld systems (Hassane and Mackay, 2012), but are hardly to avoid
and difﬁcult to quantify. Pressure drop, e.g., could trigger CO2 out-
gassing from the produced water that previously equilibrated with
a higher pCO2 under in situ conditions. CO2 outgassing in the
production well results in a strong increase in pH of the produced
water. This pH increase alters the equilibrium distribution of carbonate
species and triggers calcite formation in the production well. Calcite
formation is generally observed owing to pressure drop accompanying
Fig. 4. Modeled concentrations of barium (black) and sulfate (blue), as well as modeled amounts of Sr-bearing barite (green) within the reservoir aquifer (in cell 1–25; bold
and italic) and in the injection and production wells from scenario RM at three different modeling time steps of day 488.8, 1002 and 1833. PW: production well.
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production (Kan and Tomson, 2012). The modeling results derived
from an alternative scenario RM_Dr consider an arbitrarily pre-
assigned pCO2 drop of 60 bar occurring in the production well. Even
though CO2 outgassing is considered, the modeled chemical
composition of the produced water from scenario RM_Dr is virtually
identical with the results of scenario RM excluding a pCO2 drop (Figs.
A.4 and A.5 in the Supplementary data). More importantly, the
modeling results show that CO2 outgassing triggers a ca. 12 times
stronger calcite scale formation in the production well keeping the
pre-assigned pCO2 drop of 60 bar compared to scenario RM excluding
a CO2 outgassing effect (Fig. A.5 of the Supplementary data).
So far, all our PHREEQC calculations apply the thermodynamic
database Wateq4f.dat. Its application is generally restricted to low
ionic strengths, but may be reliable for Naþ- and Cl-dominated
solutions with higher ionic strengths (e.g., the formation water of
the Miller ﬁeld; Parkhurst and Appelo, 1999; for details see the
Supplementary data). Thus, an extended version of the thermo-
dynamic database Pitzer.dat (Parkhurst and Appelo, 1999;
extended by Bozau (2013)) is applied for testing the effects of
different methods for calculating activity coefﬁcients at high
ionic strengths on the equilibrium distribution of species. The
modeling results from scenarios RM and RM_Pi show that most
parameters (e.g., the concentrations of barium, the amount of
Sr-bearing barite scale, etc.) are virtually independent on the
method of calculating activity coefﬁcients except for the amount
of calcite scale, ctotCa2þ , and ctotSiO2(aq) with minor effects
(Figs. A.7 and A.8 in the online Supplementary data). Nevertheless,
these equilibrium concentrations calculated by using the Pitzer
approach are still within the variation range of the measured
concentrations.
Fig. 5. Modeled amount of chalcedony (black) and calcite (blue) within the reservoir aquifer ( in cell 1–25; bold and italic) and in the injection and production wells from
scenario RM at three different modeling time steps of day 488.8, 1002 and 1833. PW: production well.
Fig. 6. Calculated total volume of scale minerals, of scale minerals in a production
borehole and of reservoir sandstone per 1.91011 L of produced formation water–
seawater mixtures (scenario RM). L: the assumed length of the production bore-
hole; d: the assumed diameter of the production borehole; φ: the assumed porosity
of the reservoir.
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4.3. Limitations of modeling
The batch model presented by Fu et al. (2012) and its extension
to a 1DHT model enable us to reproduce the trend of measured
magnesium concentrations with different seawater fractions or
with time. However, both approaches are incapable of reproducing
the absolute level of measured ctotMg2þ , and this mismatch was
critically reviewed (Fu et al., 2012). Magnesium ions can be bound
to the surface of calcite crystals (e.g., Chen et al., 2006). Due to
modeling limitations, this process is excluded, and may be the
reason of the mismatch between the modeled and measured
magnesium concentrations.
The geohydraulic part of our 1DHT model is of semi-generic
nature and simpliﬁes the actual Miller ﬂow ﬁeld by applying just
one stream tube. Multiple stream tubes could correctly describe
a realistic ﬂow ﬁeld. Our simpliﬁed 1D model is thus incapable of
calculating (1) transversal dispersion (e.g., the complex interplay
between different stream tubes, in other words compositionally
mixing of waters from two stream tubes across their boundaries),
and (2) the hydrogeochemical processes resulting from these
geohydraulic processes. Such geohydraulic processes could cause
an additional precipitation of secondary minerals in wider aquifer
areas. As a result, the calculated mass conversion of primary
(dissolution) and secondary minerals (scaling) could be under-
estimated in the reservoir aquifer, but would be overestimated in
the production well.
Our 1D hydrogeochemical transport model enables us to
identify the type and to quantify the intensity of mineral conver-
sion that result from merely minor volumes of injected and
produced water. Insofar as, it is still unclear whether these
modeling results could be linearly extrapolated to cases of much
larger volumes of produced water (several orders of magnitude).
In general, our modeling results are of ambiguous character
and allow for rough estimations. This is because the conditions
under which the hydrogeochemical processes proceed are unspe-
ciﬁed because of lacking data. Additionally, such measured com-
positional development of the produced water is taken as a signal
that is used to retrace all integrated processes affecting the
composition of the produced water (e.g., along the ﬂow path; in
the production well; during sampling). In other words, we merely
know the ﬁnal state of a complex process chain. However, our
models aim to retrace the temporal and spatial development of
these processes. Measured data regarding the initial reservoir
conditions (e.g., pCO2(g)) would help to weaken this ambiguous
character. Alternative approaches to calculate scaling (e.g., calcula-
tions of saturations indices) are incapable of considering any
temporal and spatial development of hydrogeochemical processes,
although they deliver seemingly unambiguous results (e.g., super-
or undersaturation). Our modeling approach describes systems
that develop from states of disequilibrium to equilibrium without
taking into account reaction kinetics, whereas the calculation of
saturation indices is restricted to the description of disequilibria.
5. Discussion and conclusions
The presented 1D hydrogeochemical transport model includes
the simultaneously occurring and coupled hydraulic and hydro-
geochemical processes (ﬂuid ﬂow and water–rock–gas interac-
tions, respectively). The fairly good match between (1) the
measured and the modeled compositional development of the
produced water as well as between (2) the observed and modeled
composition of the scale mineral assemblage formed in the
production well conﬁrms the model validity. Consequently, this
1D transport model provides a reasonable and useful technique to
quantitatively estimate the temporal and spatial scaling effects
triggered by water injection despite some modeling limitations.
5.1. Signiﬁcance of 1DHT modeling for predicting scale formation
Calculation of mineral saturation indices and establishment of
equilibrium conditions of selected minerals (batch modeling) are
two approaches commonly applied for predicting scale formation.
These approaches are based on one unaltered, original seawater
water analysis and one formation water analysis at varying sea-
water fractions. We performed such a separate PHREEQC batch
modeling exercise considering the original seawater and formation
water from the Miller ﬁeld under reservoir conditions to calculate
saturation indices (SI) of selected mineral phases for various sea-
water fractions. The batch modeling results show supersaturation of
such formation water–seawater mixtures with respect to anhydrite,
aragonite, barite, brucite, calcite, dolomite, magnesite, strontianite
and witherite for at least one of the selected seawater fractions, but
an undersaturation regarding to celestite. Another good example in
this regard is anhydrite that potentially forms in the Miller ﬁeld by
batch modeling (as suggested by Fu et al. (2012)). For the Miller
ﬁeld test site, the calculated results of the 1DHT model indicate
(1) no precipitation of any calcium sulfate phase, (2) precipitation of
Sr-bearing barite (Ba0.928Sr0.072SO4) despite a negative and a posi-
tive SI of celestite and strontianite, respectively, (3) no formation of
witherite despite its positive SI, and (4) calcite dissolution occurring
near the injection well despite a calculated calcite supersaturation.
The reason for these discrepancies is that hydrogeochemical reac-
tions (among injected seawater, aquifer rock minerals and gas)
combined with advective transport processes temporally and locally
alter the chemical composition of the injected seawater. As a result,
mineral phases showing supersaturation with regard to the original
chemical composition of injected seawater and formation water
may not be actually precipitated from the produced water. Conse-
quently, such batch modeling and calculation of mineral saturation
indices based on two water analyses are unsuitable for exactly
predicting the types and intensity of scale formation. In contrast,
a 1D hydrogeochemical transport model could provide a more
correct method of resolution for predicting scale formation. How-
ever, the calculation of saturation indices and batch modeling
approaches provide important elements for a ﬁrst system evalua-
tion. Furthermore, a plausible hydrogeochemical batch model is an
additional basic prerequisite besides sufﬁcient geohydraulic data for
the set up of a reasonable 1D or even 3D hydrogeochemical
transport model.
Our 1DHT modeling enables us to quantitatively retrace hydro-
geochemical processes in combination with their corresponding mass
conversions, as well as to determine where they occur within the
reservoir. Our modeling results indicate that scale minerals (e.g.,
Sr-bearing barite) can be locally dispersed within the reservoir aquifer.
Consequently, models, which do not consider dispersion (and diffusion
depending on ﬂow velocity), could result in an overestimation of scale
formation that occurs in the production wells. Additionally, injected
water, which is undersaturated in terms of primary minerals of the
reservoir aquifer, induces mineral dissolution close to injection wells.
Correspondingly, the porosity–permeability properties within the
reservoir aquifer could improve locally.
The results of the 1DHT model reveal that several primary
minerals (calcite and chalcedony in the Miller ﬁeld test site) were
dissolved within the reservoir aquifer. Subsequently, such minerals
formed as scale in the production well. Such additional hydro-
geochemical processes (dissolution of primary minerals) could
furthermore increase the scaling intensity in comparison to the
modeling results without consideration of these processes. Conse-
quently, to exactly predict the type and intensity of scaling, any
reasonable reactive mass transport model should not be exclusively
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based on the hydrogeochemical processes isolated from the whole
reservoir systems (e.g., only considering barite formation from
barium and sulfate ions), but should integrate all relevant hydro-
geochemical processes.
Additionally, our modeling results suggest that a minimization
of CO2(g) outgassing in the production well could strongly reduce
the local amount of calcite scale. The mass conversions of (scale)
minerals, which were calculated in this study at isothermal condi-
tions (at 120 1C), should increase at lower temperatures (e.g., by
cooling of the produced water in production wells).
5.2. Outlook
The presented 1D hydrogeochemical transport model is not
a reproduction of the real ﬂow ﬁeld, because it includes a semi-
generic geohydraulic part that considers only one stream tube due
to lacking hydraulic data of the test site. In order to correctly
predict the temporal and spatial development of scale formation
within any speciﬁc reservoir, a geohydraulic model that repro-
duces the actual ﬂow ﬁeld must be integrated into the 1DHT
model containing several stream tubes. Nevertheless, a simpliﬁca-
tion of a 3D ﬂow ﬁeld to a 1DHT model is incapable of considering
transversal dispersion that causes additional mixing of injected
seawater and formation water within reservoir aquifers. Thus, the
actual local mineral mass conversion close to the injection well
and along the downstream ﬂow path is underestimated by the 1D
hydrogeochemical modeling. As a result, the amount of scale
minerals forming in or close to the production well would be
overestimated. A logical further development would be 3D hydro-
geochemical transport modeling eliminating the shortcomings of
1D modeling approaches. Thereby, such 3D hydrogeochemical
transport models would correctly predict the temporal and spatial
consequences of interconnected ﬂow and hydrogeochemical pro-
cesses (including scaling).
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